Abstract. Flux ropes are thought to be formed of twisted flux tubes that surround a unidirectional field. Such structures are often observed in the magnetotail of Earth, generally following the onset of the expansion phase of a substorm. They appear to lie in or near the neutral sheet with a dawn to dusk orientation of the central axis. Observations do not define the linkage of these structures to other parts of the magnetosphere-ionosphere system, although there is evidence that they sometimes contain ions whose source is the ionosphere. Here we consider the current that flows through flux ropes, with an emphasis on the current closure paths. We discuss how flux ropes link to the ionosphere, and what ionospheric signatures are expected, and we attempt to identify how flux rope current relates to other magnetospheric currents. Our analysis is based on Galileo flux rope observations and on the results of a magnetohydrodynamic simulation of the magnetosphere when the interplanetary magnetic field is southward but tilted in the dawn-dusk direction. We suggest that the ionospheric signatures have a predictable dawn-dusk, north-south asymmetry, and we speculate that the flux rope currents close through the substorm current wedge.
Introduction
The divergence-free condition requires that large-scale magnetospheric currents close on themselves. The requirement provides a powerful guiding principle for the interpretation of the quasi-static magnetosphere and its temporal variations. In many applications, the closure path for the dominant currents is evident. For example, dayside magnetopause currents close on themselves through currents flowing poleward of the polar cusp. In the magnetotail, the neutral sheet current closes over the magnetopause in both hemispheres. The symmetric ring current closes on itself, and the asymmetric ring current closes through the ionosphere.
Exceptions are allowed if the current enters the magnetosphere from the solar wind but only if it is balanced by current flow back into the solar wind. Currents introduced by reconnection satisfy this current balance condition.
In this paper, we focus on magnetotail flux ropes, structures for which the current closure path is not immediately evident. We use observations and magnetohydrodynamic (MHD) simulations to help identify the paths of these currents through the system. The paper starts with a summary of some key properties of observed magnetotail flux ropes. Many of these flux ropes appear to be embedded in the magnetotail neutral sheet, crossing from dawn to dusk with an axial field parallel to the Y component of the interplanetary magnetic field (IMF). Indeed, we believe that a finite IMF Br is what requires the development of magnetotail flux ropes. The flux ropes carry current across the magnetotail from dawn to dusk. We allude to an analytical model of a flux rope embedded in a Harris neutral sheet that enables us to obtain quantitative estimates of the total current carried in such a structure.
Neither the observed features nor simple two-dimensional models of flux ropes provide insight into their connection to •Now at TRW, Inc., Redondo Beach, California.
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0148-0227/96/96JA-02220509.00 other parts of the magnetosphere-ionosphere system. However, the field lines that form flux ropes in large-scale magnetohydrodynamic simulations can be traced to determine their linkages, so we describe features of several such simulations. Flux ropes develop only if the IMF is tilted southward with a finite Br. They are found to contain both open and closed field lines as well as trapped solar wind flux, but in the early stage of development, they are dominated by closed flux tubes that link northern and southern ionospheres. This means that an interhemispheric current, outward in the postmidnight sector and inward in the premidnight sector, is carried by the flux ropes. Substantial departures from meridional conjugacy of current and flow signatures in the northern and southern ionospheres are predictably linked to dawnward or duskward orientation of the IMF. As details of current paths through the ionosphere are not resolved in the simulations, we are forced to speculate on the closure path of the interhemispheric current. We consider various possibilities. For example, there is evidence both from data and simulations that unbalanced region 1 (R1) current flows into one polar cap and out of the other polar cap on open field lines for finite IMF Br. However, the unbalanced R1 contribution to the ionospheric current is in the same sense as the flux rope contribution, so these currents only add to the dilemma. We suggest that current paths closing within the magnetosphere itself complete the circuits for both the unbalanced flux rope current and the region 1 current on open field lines. the neutral sheet current were locally filamented, [1996] . The role of plasma flow as described by Birn [1992] should also be considered.
